Y 2 O 3 sheets, rods, needles and tubes were synthesized from three precursors through hydrothermal reactions followed by calcination. The phase distribution and decomposition behaviors of the three precursors, Y 2 (OH) 5.14 (NO3) 0.86 ·H 2 O, Y 4 O(OH) 9 (NO 3 ) and hexagonal Y(OH) 3 , were investigated. The reaction temperature and initial pH value during the hydrothermal reaction showed great influence on the shape and particle size of the products. The precursors were converted to Y 2 O 3 particles with the retained original morphology of the precursors.
Introduction
Yttrium oxide is one of the most important rare-earth compounds and has been used in a broad range of fields such as optics, advanced ceramics, optoelectronics, catalytic reactions, as well as high-efficient additives for functional composite materials. Industrially, yttrium oxide is produced by solid state decomposition reaction at high temperatures. Gas-phase condensation [1] , precipitation [2] , sol-gel processing [3] , combustion [4] , pyrolysis [5] , and recently, hydrothermal synthesis [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] are other physical and chemical techniques for preparation of yttrium oxide include Hydrothermal synthesis is widely accepted as a simple and mild method to prepare high crystalline materials with controlled particle size. Recently, the hydrothermal synthesis of yttrium oxide attracted increasing attention owing to the prospects of producing high-quality, welldispersed crystals as well as the convenience in preparing homogeneous doped materials.
According to the phase diagram of Y 2 O 3 -H 2 O system [18] , Y 2 O 3 is not stable under hydrothermal conditions at temperature lower than 550 °C, so that the products of hydrothermal reaction are normally precursors of yttrium oxide rather than oxide itself. The precursors decompose into the oxide through heat treatments. The most familiar precursor is hexagonal yttrium hydroxide [6] [7] [8] [9] [10] [11] [12] .
In addition, yttrium oxide nitrate hydroxide, Y 4 O(OH) 9 (NO 3 ), is also reported [13] [14] . Similar procedures were employed in most of the published reports on synthesis of yttrium oxide, which involve hydrothermal treatment of a colloidal precipitate followed by subsequent calcination.
However, most of these researches focused on the final product, i.e. yttrium oxide, and little information on precursors was given, although precursors play important roles on final products.
Moreover, despite the similarities in synthesis procedure, dissimilar results were reported. For example, the reported sizes of yttrium oxide range from several nanometers to tens of micrometers, and various shapes like spherical particle [6, 15] , rod or wire [6] [7] [16] [17] , tube [8-11, 15, 17] , belt [7, 13] , trilobal prism [14] , and plate [6, [15] [16] were described. All of these bewildering results trigger a critical demand for a comprehensive investigation on hydrothermal synthesis of yttrium-based compounds. Herein, we selected the phase distribution and morphology of precursors as the point of our research and examined the influences of correlative factors on them.
Experimental section
All chemicals were purchased from Wako pure chemical industries, Ltd. (Japan) and used without purification. In a typical synthesis process, 0.45 g of Y 2 O 3 was dissolved in 6 ml of 3.0 M nitric acid solution under heating. Then ammonia solution (or NaOH solution) was added to adjust the solution to a designated pH value under vigorous agitation. The volume of the resulting solution was adjusted to around 15 ml. (In order to adjust pH value in a wide range from 6.0 to 14.0 and maintain the solution volume an approximate constant at the same time, basic solutions with different concentrations were used. When ammonia solution was used as a base, solutions with pH value higher than 12.0 were prepared by centrifuging the solution with pH ~12.0 followed by redispersing the precipitate in concentrated ammonia solutions.) The as-obtained colloidal solution was transferred into a 25 ml Teflon-lined autoclave, followed by hydrothermal treatment at temperature of 80-220 ºC for 24 h. After cooling, the received white precipitate was collected by centrifuge, then washed with distilled and dried at room temperature. Finally, it was calcined at 600 ºC for 4 h in air.
Powder X-ray diffractions (XRD) were measured on a Rigaku RTP-300RC diffractometer using Cu Kα radiation (λ = 1.54056 Ǻ) operating at voltage and current of 40 kV and 100 mA, 4 respectively. The patterns were collected in the range of 5-70 º in 2 θ/θ scanning mode with a 0.02 º step and scanning speed of 4 º/min. Micrographs of scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were obtained using Hitachi S-530 electron microscope operating at 25 kV and Hitachi H-800 electron microscope operating at 200 kV, respectively. The average particle size and size distribution were determined from about one hundred particles in microphotographs. A SSC5200 thermal analysis system with Seiko TG/DTA 320 module was used for the thermogravimetric analysis. Samples were heated in air with a ramp rate of 5 ºC/min. The content of NO 3 -of the samples heated at different temperatures was measured using a Dionex DX-120 ion-chromatograph analyzer. The samples were dissolved in 5 ml of 1 mol/L H 2 SO 4 and then diluted to 50 ml.
Results and discussion

Phase distribution and decomposition behaviors of Y 2 O 3 precursors
When NH 4 OH was used as a base, three main compounds were obtained in the range of our experimental conditions from 80 ºC to 220 ºC and from pH 6.0 to pH 13.5. The phase distribution diagram and typical XRD patterns of these compounds are shown in Figure 1 and Figure 2 further increased, yttrium hydroxide, which contains more hydroxyl in the structure, is obtained.
In order to investigate the role of base in the hydrothermal synthesis of yttrium compounds, sodium hydroxide was employed to replace NH 4 OH for comparison. Figure 3 shows the distribution diagram of NaOH system. The main products as well as the tendency of transformation between phases are identical for both bases. But the phase formation regions in When the progress of reaction and the depletion of the hydroxyl ion proceed, the ammonium hydroxide is further dissociated to maintain the pH value of solutions an approximate constant. This is confirmed by the final pH value of solutions. When ammonia solution was used as a base, the pH value did not show significant change after hydrothermal reaction. In the case of NaOH system, when initial pH was lower than 13.0, the dropping of pH value to 6-7 was observed. At pH higher than 13.0, the pH value did not change so much, which suggests that the amount of NaOH is in excess for the formation of hydroxide.
The thermal behaviors of the three compounds in air were studied by TG-DTA, as shown in Figure 4 . The decomposition profile of Y 2 (OH) 5.14 4 OH system. It can be seen that the oxide obtained from the precursor synthesized at 100 ºC and pH 7.5 is composed of sheets with irregular edges. 1 Its lateral size ranges from 70 to 370 nm and thickness is around 37 nm (Figure 5a ). The oxide sheets maintained the morphology of precursor except for slight size shrinkage due to the higher density of oxide than that of the precursor. When initial pH value during hydrothermal reaction was increased, the sheet size decreased dramatically. Figure 5b shows the Y 2 O 3 nanoflakes prepared at pH 10.5 at the same temperature. They are sintered a little and seem to be porous compared with the precursor (inset). Besides pH value, reaction temperature is also observed to have a 8 strong effect on the morphological features of products. As reaction temperature increased, the edges of these sheets sharpened and lateral size as well as thickness increased. Figure 5c shows the product synthesized at 160 ºC with pH 7.5, which is composed of hexagonal/rhombic microsheets with lateral size of 1-4 μm and thickness of about 150 nm. When pH value was carefully controlled between 6.0-6.5, regular hexagonal sheets with lateral size of 15-30 μm and thickness of 0.6-1.1 μm could be prepared at temperature as high as 200 ºC. In NaOH system, the morphology of product changed in the same way.
The effects of pH value and reaction temperature on product size are related to the nucleation and growth process of the particles. In NH 4 OH system, with the addition of ammonia solution, the pH value of yttrium nitrate solution increased and a white colloidal precipitation formed as pH value exceeded 6.0. Previous study [20] shows that the precipitate is hydrated yttrium nitrate hydroxide of the general formula Y(OH) 3-x (NO 3 ) x ·yH 2 O. The value of x decreases with the increasing pH, and at higher pH value amorphous yttrium hydroxide, Y(OH) 3 ·yH 2 O, is formed.
In the subsequent hydrothermal reactions, these amorphous yttrium nitrate hydroxides or yttrium hydroxide dissolve in the solution at elevated temperatures and then crystallize into yttrium compounds with definite compositions. The shape and size of products are closely related to the nucleation process, which is strongly affected by the solubility of the product in the precipitating
solution. An increase in OH -concentration decreases the solubility of product remarkably, which leads to a rapid supersaturation of the solution and a large amount of nuclei are formed at the same time. Thus, the growth for each seed is suppressed due to the rapid decrease of supersaturation, resulting in the formation of small-sized products. On the other hand, the solubility of product is increased significantly by increasing reaction temperature. As a result, supersaturation to lead nucleation decreases and the growth of existing particles is favored over nucleation of new precipitate particles, which results in formation of big particles. micorods. The average diameter of these nanowires is around 50 nm and the length is up to several micrometers. We also investigated the effect of hydrothermal temperature on products.
When pH value was fixed to 10.5 and the reaction temperature was in the range of 140 °C-220 °C, products did not show much difference in morphology except for the size distribution narrowed down with increasing temperature. This result shows that pH value is the predominant factor in strong basic media and the morphologies are less dependent on reaction temperature as compared with pH value. This morphology is familiar for hexagonal Y(OH) 3 . Many researches [8] [9] [10] [11] 17] have previously reported the synthesis of Y(OH) 3 and corresponding Y 2 O 3 nanotubes under strong basic conditions using NaOH or KOH as base. We supposed that similar structures could be prepared in ammonia solution as long as high pH value was achieved. In order to obtain high pH value in an ammonia solution, the precipitate collected by centrifuge from the solution with pH 12.0 was redispersed in 25% ammonia to achieve a solution with pH value as high as 13. Figure 8e . These results indicate that nanoneedles are more stable than nanotubes at high temperatures. This phenomenon was also observed by Wang for yttrium hydroxide and other rare-earth hydroxides [21] .
Although the growth process of the Y(OH) 3 nanotubes is still unclear, some useful information can be acquired from the synthesis method and morphological characteristics of these nanotubes.
It is apparent that the growth is not catalyst-assisted or surfactant-directed process, because the synthetic route adopted in this study involves neither catalyst nor surfactant. Open ends is a unique feature for nanotubes grown by rolling of lamellar structures, like C [22] , BN [23] , WS 2 [24] , and so on. The nanotubes formed through that process normally possess hollow interior [25] . In their study, the polar surfaces having the higher energy of the ZnO nanotowers were dissolved in priority to decrease the system energy in the aging process, and resulted in formation of tubular structure.
Considering the lower stability of tubular Y(OH) 3 in comparison with that of needlelike structure, the former mechanism is more reasonable. conditions. By simply adjusting the hydrothermal temperature and initial pH value of the starting solution, products with a diversity of well-defined morphologies like sheet, rod, needle and tube were successfully fabricated from different precursors. At the same time, the particle size of products could be controlled in a wide range. 
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